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Abstract 
Fine and ultra fine particle aerosols have 
increasingly become a cause for concern in 
relation to human health in urban areas. Sources 
of fine particles such as busy roads are of 
particular concern. This paper presents a recent 
modeling and experimental study of aerosol 
dispersion from a busy road in Brisbane. A new 
method is used to obtain an average emission 
factor for vehicles on a busy road. This method is 
based on simple experimental ground level 
measurements of concentration of fine particles at 
any point in the vicinity of the road. The dispersion 
model used is an adapted version of CALINE4. 
Appropriate model inputs in units suited for 
aerosols is a critical issue for correct use of the 
model. A method for obtaining the scaling 
coefficients for the units is carefully explained.  
In addition, a new mathematical approach is used 
to calculate the emission factors for different 
groups of vehicles on a busy road. The emission 
factors for heavy duty and light duty vehicles are 
estimated. Examples of applications of the model 
for existing and proposed roads are given. 
1. INTRODUCTION 
Recently, it has become apparent that fine aerosol 
particles (< 1 µm) may present a major health risk 
in the urban environment (Schwartz et al, 1996). 
Since busy roads are the major source of fine 
particles in the urban environment, the most recent 
research efforts have been focused on the analysis 
of decay of the total number concentration of 
particles with distance from a road (Hitchins et al 
(2000), Gramotnev et al (2003). However, the 
available software that analyses the dispersion of 
the pollutant from the line source (busy road) is 
designed only for the analysis of gaseous pollution 
(for example, the CALINE4 program (Benson, 
1992)) and cannot be used for the simulation of 
dispersion of fine particle aerosols from a busy 
road. There are two main problems with using 
CALINE4 for this simulation. Firstly, gas 
parameters in the CALINE4 model (such as the 
emission factor and concentrations) cannot be 
directly replaced by the corresponding parameters 
for particles, due to different units for these 
parameters for gasses and aerosols.  
 
The second problem arises from the absence of 
consistent experimental data on particulate 
emission factors from motor vehicles that would be 
required as an input for the CALINE4 package. 
Indeed, experimental values of these emission 
factors presented by different researchers vary by 
one or even two orders of magnitude depending on 
type of vehicles and conditions of measurements 
(Jamriska & Morawska, 2001, Cadle et al, 2001, 
Graskow et al, 1998, Gross et al, 2000). From the 
same references, typically, the emission factors lie 
within the intervals between ~ 1012 to ~ 1014 
particles per vehicle per kilometre for gasoline 
(light-duty) vehicles, and between ~ 1014 to ~ 1015 
for diesel (heavy-duty) vehicles. Note also that 
very few attempts have been made to determine 
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average emission factors for vehicles on a real road 
(Gross et al, 2000, Jamriska & Morawska, 2001) 
with large spread of the obtained data and 
significant experimental errors.  
 
At the same time, accurate determination of 
average emission factors for vehicles on a road is, 
in itself, of a major importance for the evaluation 
of the impact of road pollution on human health 
and environment.  
 
Therefore, the aim of this paper is to develop a 
new effective and accurate method for the 
determination of the average emission factors for 
vehicles on a road, based on the knowledge of 
experimental total number concentration at one 
point near the road. 
2. METHODS 
The experimental measurement were taken at 
Gateway motorway in the Brisbane area, Australia. 
The map of the area is presented in Figure 1. 
 
 
Figure 1. The Gateway Motorway and the 
receptor points for modelling and calculations 
of emission factor. Wind direction as shown. N-
S and E-W distances in meters 
 
In the paper the results of two experiments are 
considered. First experiment was conducted for 
calibration of the CALINE4 model, and second 
experiment was conducted for the confirmation of 
the results. The total number concentrations of fine 
and ultra-fine particles in the range from 0.014 µm 
to 0.7 µm were measured at the height h = 2 m 
above the ground and at several distances from the 
road (from 15 m to ~400 m). Concentrations were 
measured five times at each distance by means of a 
scanning mobility particle sizer (SMPS). All 
concentration measurements were conducted 
simultaneously with measurements of the traffic 
flow on the road. A weather station was used to 
measure temperature, wind speed and wind 
direction at the time of concentration 
measurements and at the same height above the 
ground, i.e. at h = 2 m. 
 
The adaptation of the CALINE4 model to fine 
particle aerosols can briefly be outlined as follows. 
Firstly, we take experimentally measured 
concentrations of particles at some distance (e.g., 
15 m) from the curb of the road. Secondly, we 
substitute all the known meteorological and 
environmental parameters, and some arbitrary 
values of emission factors into the model. Formally 
changing these emission factors, we adjust them so 
that the output concentration at the considered 
distance (15 m) from the curb of the road is equal 
to the experimental value of concentration divided 
by 1000. By doing this, we actually assume that 
the model gives concentration in ×103 
particles/cm3. Note however that these adjusted 
emission factors are not measured in particles per 
vehicle per mile. These adjusted emission factors 
will be called model emission factors and denoted 
as Em. 
  
Thirdly, substituting the determined values of Em 
and the known meteorological and environmental 
parameters back into the CALINE4 model, we 
calculate the concentration of particles (in ×103 
particles per cm3) at the considered distance from 
the road (15 m) as a function of height above the 
ground (vertical concentration profile). Fourthly, 
taking into account the vertical concentration 
profile, we determine the total (integral) flux of 
particles through a plane that is normal to the 
ground, parallel to the road, and located on the 
windward side of the road (plane 1 denoted by the 
dashed line in Fig. 1). On the other hand, the same 
flux can easily be determined from the average 
(real and unknown) emission factor from a vehicle 
on the road, and the number of vehicles. Thus, 
equalling these two fluxes, we determine the 
unknown average emission factor, E (in particles 
per vehicle per mile). The average emission factor 
for vehicles on a given road (Gateway Motorway) 
is calculated to be ~ 4.5×1014 particle/vehicle/mile 
with the error ~15% (Gramotnev et al, 2003). 
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Comparing this average emission factor, E, with 
the previously obtained model emission factor, Em, 
we determine the scaling coefficient η = Em/E. The 
average scaling coefficient is calculated to be <η> 
= (1.12 ± 0.02)×10-12 g/cm3 with the error ~ 2% 
(Gramotnev et al, 2003). 
 
Thus, the average emission factor E (in particles 
per vehicle per mile) should be multiplied by η, 
before substituting it into the CALINE4 model, in 
order to obtain concentration in ×103 particles per 
cm3. 
3. COMPARISON OF NUMERICAL AND 
EXPERIMENTAL RESULTS 
The procedure for the determination of the 
emission factors and scaling of the CALINE4 
model for the analysis of fine particle aerosols 
from a busy road has been developed on the basis 
of the Gaussian plume theory (Csanady, 1980) and 
experimental measurements of particle 
concentrations at a particular distance from the 
road (in our case it was 15 m from the curb of the 
road). The obtained emission factors are valid only 
for the particular road under consideration (since 
they depend on the average speed and type of the 
vehicles). At the same time, the determined scaling 
coefficient is correct for any road and is 
characteristic for the considered software package 
(CALINE4). 
 
The described procedures were based on the 
assumption that the CALINE4 model can be used 
for the analysis of dispersion of fine particle 
aerosols from a busy road. Therefore, in this 
section, we verify this original assumption by 
means of calculating a theoretical dependence of 
total number concentration on distance from the 
road, and comparing it with the experimental 
measurements. The theoretical dependence is 
obtained by substituting the average model 
emission factor and the corresponding 
meteorological parameters, averaged over the four 
hour interval of measurements, into the CALINE4 
model and calculating average particle 
concentration as a function of distance from the 
road. The average value of Em = 510 ± 60 is 
obtained by averaging the six values of 
experimentally determined model emission factors. 
The average wind speed for the period of four 
hours is equal to 1.3 m/sec, with wind speed 
standard deviation being 0.5 m/sec. The average 
wind direction for the same period is 17o to the 
North, and the standard deviation ≈ 46o. The 
average traffic flow for the period of measurement 
is 3218 vehicles per hour (with the error of the 
mean ≈ 90 vehicles per hour), and the average 
temperature is 34.9°C (summer period). The 
background concentration was estimated to be ~ 
3200 particles/cm3. 
 
In the input of the CALINE4, coordinates of 
receptor points can only be integer numbers (in 
meters) that have to be typed in separately for each 
of the point. Therefore, it is inconvenient to use 
this model for plotting an actual theoretical 
dependence of concentration on distance from the 
road. Instead, we calculate concentrations only at 
the distances, corresponding to the experimental 
measurements. After this, we perform similar 
curve fitting procedure (see below) for both 
experimental and theoretical points, and compare 
the resultant curves. 
 
The experimental values of concentration at the 
mentioned distances from the road are presented in 
Figure 2 by small dots. The theoretical points are 
not presented in the figure, as they all lie almost 
exactly on the corresponding theoretical curve 
(curve 2 in Figure 2a). 
 
 
Figure 2. The experimental (solid curves 1 and 
4) and theoretical (dashed curves 2 and 3) 
dependencies of the total number 
concentration c on distance from the centre of 
the road. 
 
The curve-fitting procedure for the experimental 
and theoretical points was based on the self-
similarity theory of concentration distribution 
(Csanady, 1980). This theory approximates the 
concentration c (in ×103 particles/cm3) as a power 
law in distance from the road: 
 c = Kd-µ + c0 ,      (1) 
where d is the distance from the road in meters, K 
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and µ are constants to be determined, and c0 is the 
background concentration. The constants K = 289 
and µ = 0.73 (for the experimental curve), and K = 
500 and µ = 0.88 (for the theoretical curve) were 
calculated by means of the non-linear regression 
model in the S-Plus statistical package. 
 
The resultant experimental and theoretical 
dependencies of concentration on distance from the 
middle of the road are presented in Figure 2 by 
curves 1 and 2, respectively. The significant scatter 
of experimental points around curve 1 in Figure 2 
can be explained by changing average speed and 
direction of the wind during the period of 
measurements. Indeed, variations of wind direction 
within the four hour interval are ~ 60o, and 
variations of wind speed are ~ 1 m/s for the same 
period.  
 
Curves 1 and 2 in Figure 2 demonstrate an 
excellent agreement between the theory, based on 
the approaches developed in this paper, and the 
experimental results for dispersion of fine and 
ultra-fine particle aerosols from a busy road. 
However, using curves 1 and 2 in Figure 2, it is 
difficult to judge if the theoretical curve lies within 
the error range for the experimental curve or not. 
To answer this question, we subtract the 
background concentration c0 from all the values of 
the number concentration and draw the resultant 
dependencies c – c0 on distance from the road in 
the logarithmic scale – Figure 3a. The dotted 
curves in Figure 3a give the standard errors for the 
experimental (solid) line. It is clear that the 
theoretical (dashed) line indeed lies well within the 
standard error of the experimental curve, and 
CALINE4 with the calculated scaling coefficient 
can be used for the analysis of aerosol propagation 
from a busy road. 
 
At the same time, this agreement has been 
demonstrated so far only for one set of 
measurements. Therefore, in order to have a better 
confirmation for the theoretical model, we have 
taken another set of measurements in the same size 
range (for particles from 0.014 µm to 0.7 µm), at 
the same place near the same road, but at the 
following (different) atmospheric conditions. The 
average wind speed for the period of four hours is 
equal to 1.8 m/sec, with wind speed standard 
deviation being 0.8 m/sec. The average wind 
direction for the same period is 131o to the North 
with the standard deviation ≈ 50o. The average 
temperature is 20.5°C (winter period). The 
atmospheric stability was of class one. This time, 
the background was measured to be ≈ 2400 
particles/cm3 with the standard deviation ≈ 240 
particles/cm3. The measurements of the total 
number concentration were taken at the following 
distances from the curb of the road: 15 m, 40 m, 65 
m, 90 m, 115 m, 190 m, and 265 m; (the width of 
the road is 27 m). The corresponding experimental 
points are presented in Figure 2 by big dots (the 
distance on the horizontal axis is taken from the 
middle of the road). 
 
 
Figure 3. The experimental (solid curves) and 
theoretical (dashed curves) dependencies of 
the average total number concentrations 
without the background, c – c0, on distance 
from the middle of the road in the logarithmic 
scale. 
 
Again, using the non-linear regression model in the 
S-Plus statistical package (Venables, 2000), the 
corresponding theoretical and experimental curves 
were plotted (curves 3 and 4 in Figure 2). Both 
these curves are noticeably lower than curves 1 and 
2 (for the previous set of measurements). This is 
expected, since the wind speed for the second set 
of measurements was noticeably larger (1.8 m/s 
compared to 1.3 m/s). If the wind is taken the same 
for both sets of measurements, all the curves 
appear to be very close to each other.  
 
Similarly to curves 1 and 2 (for the first set of 
measurements), curves 3 and 4 in Figure 2 clearly 
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demonstrate good agreement between the 
theoretical model and experimental results. The 
dependencies of (c – c0) on distance from the 
centre of the road in logarithmic scale (Figure 3b) 
again demonstrate that the theoretical line lies 
within the error for the experimental dependence. 
 
The analysis of the worst-case angle (the direction 
of the wind that corresponds to maximum 
concentration of particles) was conducted with the 
CALINE4 program. As shown in the table below, 
the new configuration (two parallel roads instead 
of one) decreased the concentrations at points A 
and B by 34% and 50% correspondingly, and 
increased the concentration at point C by 90%. 
 
The typical difference between the theoretical and 
average measured number concentrations is 
estimated to be ~ 10%.   
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The difference in slopes of the experimental and 
theoretical lines (Figures 3a,b) is a possible 
indication on additional processes resulting in 
deviations of the experimental data from the 
Gaussian plume theory (e.g., due to particle loss 
caused by coagulation). 
 
The average emission factor for vehicles on the 
road for the second set of measurements was again 
calculated from the measured average number 
concentration at the distance 15 m from the curb of 
the road and the counted traffic flow 4212 vehicles 
per hour. The calculated value of the emission 
factor in this case is E2 ≈ 4.5×1014 
particle/vehicle/mile (with the error ~ 23% mainly 
due to uncertainty of concentration measurements). 
In the limits of the error this value is the same as 
the value of the emission factor, calculated from 
the summer experiment (E1 ≈ 4.5×1014 
particle/vehicle/hour - see above). 
Figure 4. An example of existing (solid line) and 
proposed (dashed line) roads with receptor 
points A, B and C. Arrows (solid for the case of 
one road and dashed for the case of two roads) 
indicate the direction of the wind that 
corresponds to maximum concentrations for 
given points. The length of the arrow is 
proportional to the concentration. 
 
Both the obtained values of the average emission 
factor are in reasonable agreement with the 
previous results obtained by means of a box model 
(Jamriska & Morawska, 2001), where the average 
emission factor was estimated as ≈ 3×1014   
particles/vehicle/mile. The discrepancies could be 
explained by the larger number of heavy duty 
vehicles in our experiments (14% in summer 
experiment and 18% in winter experiment 
compared to just 4% in (Jamriska & Morawska, 
2001), and by the significant uncertainty of the 
results from the box model (~ 70% (Jamriska & 
Morawska, 2001)). 
At the same time, maximum of concentration 
affecting all points A, B and C was decreased by 
34%. It is important to note that for comprehensive 
analysis it is necessary to take into the 
consideration seasonal wind speed and direction, 
and position of the residential area with respect to 
the existing and proposed roads. 
 
Table 1. Comparison of concentration of 
particles at points A B and C for two different 
configurations of the roads. 4. EXAMPLE OF THE PROPOSED 
ROAD  A B C 
Worst case angle, 
 o to the North 
49 229 225  
One 
road Concentration, 
103 particle/cm3 
3.2 3.2 1.1 
Worst case angle, 
 o to the North 
49  2  229  Two 
roads 
instead 
of one 
Concentration, 
103 particle/cm3 
2.1 1.6 2.1 
Figure 4 shows an example of the existing (solid 
line) and the proposed (dashed line) road. The 
proposed road was designed to be parallel to the 
existing road to take half of the traffic load. We 
assume that originally the traffic on the existing 
road is 2000 vehicles per hour and the average 
emission factor is 4.5×1014 particles/vehicle/mile. 
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5. ESTIMATION OF EMISSION 
FACTORS FOR DIFFERENT TYPES 
OF VEHICLES 
For an application of the model to arbitrary roads 
(especially to proposed roads) it is necessary to 
know emission factors for different types of 
vehicles. Another experiment was conducted to 
determine emission factors for two types of 
vehicles: heavy duty trucks and light duty cars. 
The method discussed above was applied to the 
same road (Gateway Motorway, Brisbane, 
Australia), but for different traffic conditions 
during the weekend of 24 November 2002: the 
traffic flow was 3696 vehicles per hour with only 
2.7% of heavy duty trucks. 
 
The calculated value of the emission factor in this 
case is E3 ≈ 0.37×1014 particle/vehicle/mile (with 
the error ~ 24% due to uncertainty of concentration 
measurements). Comparison of this result with the 
emission factor E2 ≈ 4.5×1014, calculated from the 
July 30 experiment, and application of methods of 
linear programming gives the following values for 
the emission factors: 
a) for heavy duty trucks  
et = (23 ± 6)×1014 particle/vehicle/mile, 
b) for cars  
et = (0.35±0.09)×1014particle/vehicle/mile. 
(Gramotnev et al, to be published). 
 
With the approximation that other busy roads 
consist in average from the same types of cars and 
trucks, it is possible to apply the CALINE4 model 
to predict dispersion of fine and ultra fine particles 
from existing and proposed roads. 
6. CONCLUSIONS 
The CALINE4 software package that was 
originally designed to model dispersion of carbon 
monoxide near a busy road, has been adapted for 
the analysis of dispersion of aerosols of fine and 
ultra-fine particles, generated by vehicles on a busy 
road. As a result, the scaling procedure for the 
available CALINE4 model has been developed and 
justified. A scaling coefficient relating the model 
and real emission factors has been determined: η ≈ 
1.12×10-12. A new method of determination of the 
average emission factor for fine particle emission 
from the average fleet (one average vehicle) on a 
road has also been developed. This method is 
based on experimental measurements of particle 
concentration at just one point at some distance 
from the road. When applied to different roads or 
different traffic conditions at the same road, this 
method leads to an estimation of emission factors 
for different types of vehicles. 
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